Microorganisms growing in natural habitats are permanently confronted with a wide variety of external stresses. In fungi, including Aspergillus nidulans, one of the general and ultimate strategies to survive in harsh habitats is the development of stress-tolerant conidia. In this study, we found that one of the basic-region leucine zipper transcription factors, named AtfA, plays a crucial role in the acquisition of tolerance against oxidative and heat stress on conidia, but not on mycelia, although this factor is not involved in asexual development per se.
Histidine-to-Aspartate (His-Asp) phosphorelay (or two-component) systems are common signal transduction mechanisms implicated in a wide variety of cellular responses to environmental stimuli in both prokaryotic and eukaryotic organisms. 1) We have been investigating the phosphorelay systems employing Escherichia coli, Mesorhizobium loti, Schizosaccharomyces pombe, and Arabidopsis thaliana. [2] [3] [4] [5] [6] [7] [8] Currently, we are focusing on the phosphorelay system of the model filamentous fungus Aspergillus nidulans. 9, 10) Based on the entire genome sequence, recently we compiled a complete list of A. nidulans phosphorelay components, and found that this fungus genome encodes 15 histidine protein kinases (HKs), four response regulators (RRs), and only one histidine-containing phosphotransfer factor (HPt). 9) Among these, we have characterized one of the HKs (NikA) and two RRs (designated SskA and SrrA) with reference to the phosphorelay signaling network implicated in stress responses, such as oxidative stress responses and sensitivity to fungicides (e.g., iprodione and fludioxonil). 9, 10) The eukaryotic type of stress responsive signal transduction system, known as MAPK (mitogen activated protein kinase) cascade, has been well characterized in yeasts. [11] [12] [13] In the filamentous fungus A. nidulans, the HogA-MAPK cascade is believed to play important roles downstream of the HK (NikA)-RR (SskA) phosphorelay. [14] [15] [16] This framework of stress response signal transduction in A. nidulans is closely analogous to that of the unicellular fission yeast S. pombe, for which the stress-activated Sty1/Spc1-MAPK cascade has been extensively elucidated. 13) In the fission yeast, it is also known that two kinds of bZip (basic-region leucine zipper)-type factors play prominent roles in stress responsive transcriptional regulation in concert with the MAPK cascade: one is named Pap1 and is homologous to mammalian AP-1, and the other is Atf1, homologous to mammalian ATF2. 7, 8) In A. nidulans, we have characterized the napA gene that encodes the ortholog of Pap1, demonstrating that NapA is responsible for a variety of oxidative stress responses, specifically during hyphal growth (Fig. 1A) . 17) We think that characterization of an Atf1 orthologous gene of A. nidulans, if present, is a timely issue to be addressed for a better understanding of the mechanisms underlying stress responses in this filamentous fungus, the life cycle of which is quite distinct from that of unicellular fission yeast. In this study, we identified an Atf1 homolog (designated AtfA) in A. nidulans, and we found that AtfA plays a prominent role in stress responsive transcriptional regulation, specifically in the conidia.
First the entire genome sequence of A. nidulans was inspected to identify a gene encoding a protein homologous to the fission yeast Atf1 (http://www.broad. mit.edu/annotation/genome/aspergillus group). A single gene (AN2911.3) was found to encode a protein the entire amino acid sequence of which was highly homologous to those of Atf1 of S. pombe (Fig. 1A) . This A. nidulans coding sequence was named AtfA. This protein and Atf1 had a similar structural design, in y To whom correspondence should be addressed. Present address: New Industry Creation Hatchery Center, Tohoku University, 6-6-10 Aoba, Aramaki, Aoba-ku, Sendai 980-8579, Japan; Tel/Fax: +81-22-795-3205; E-mail: dhaggy@niche.tohoku.ac.jp Abbreviations: bZip, basic-region leucine zipper; HPt, histidine-containing phosphotransfer factor; HK, histidine kinase; MAPK, mitogen activated protein kinase; ROS, reactive oxygen species; RR, response regulator; t-BOOH, tert-butylhydroperoxide which a large N-terminal extension was followed by a common bZip domain. Their bZip domains are highly homologous to each other (75% identical), and the entire amino acid sequences of the N-terminal extensions also showed considerable similarity to each other (24% identical).
As mentioned above, we have characterized another stress responsive bZip transcription factor, NapA. 17) When we compared the amino acid sequences of AtfA and NapA, the sequences of the bZip domains were significantly similar (26% identical). Otherwise, their entire amino acid sequences and structural designs were quite different (Fig. 1A) . We have found that NapA plays a prominent role in oxidative stress responses, specifically during hyphal growth. By employing an appropriate set of loss-of-function mutants of AtfA and NapA, here we compared the roles of AtfA and NapA with special reference to stress responses in A. nidulans.
To characterize the physiological function of AtfA, an A. nidulans mutant strain was first constructed from the parental strain, ABPU1 (argB À ). The atfA gene on the A. nidulans chromosome was deleted by replacing it with the argB þ maker gene in accordance with conventional gene-disruption methodology with homologous recombination (Fig. 1B) . 9) We confirmed the altered genomic structure of the resulting A. nidulans mutant (designated ÁatfA) by Southern blot hybridization analysis (Fig. 1B) . No AtfA transcript was detected in the ÁatfA cells (see Fig. 2B ). Also, we isolated several independent mutant lines of ÁatfA (designated 1-1, 2-2, and 2-3), all of which exhibited the same phenotypes, as described ( Fig. 3A and B) .
It was of interest to determine whether ÁatfA cells would be sensitive for growth under stressful conditions. The ÁatfA and ÁnapA conidia were isolated and inoculated on a solid minimal-medium containing 2% glucose (SMM2G), supplemented with 60 mM CdSO 4 (a toxic heavy metal), 0.8 M KCl (high salt and osmotic stress), or 1 M sorbitol (high osmotic stress). As judged by the growth profiles on the plates, the ÁatfA and ÁnapA cells grew as well as the wild-type cells did (data not shown). Under high temperature (42 C), the growth of the mutants was comparable to the wild-type (data not A, Schematic representation of the structural organization of AtfA (gene ID, AN2911.3), which contains a bZip domain, as illustrated. This structure was compared with those of S. pombe Atf1 and A. nidulans NapA (gene ID, AN7513.3). The similarities in these sequences are indicated as percentages of identical amino acids in a given region. B, Schematic representation of an atfA deletion mutant. The bold-faced arrow indicates the atfA gene on the A. nidulans chromosome, which was replaced with the argB gene. To this end, the 5 0 -UTR (black line) and 3 0 -UTR (gray line) of atfA were cloned and they were placed appropriately at the both sides of argB gene (white arrow) on a plasmid vector, as schematically indicated. 9, 10) The fragments of 5 0 -UTR and 3 0 -UTR were prepared by genomic PCR using primers atfA-UU: 5 0 -CACTCCGCGGCAG-TAATGCAATGCTTA, atfA-UD: 5 0 -GAAAGCGGCCGCCTCTC-GGGAAGTATCGT, atfA-DU: 5 0 -AGGGGCCCCGTTCTTCTAG-AGTAAC, atfA-DD: 5 0 -TGGGTACCATCGCCAACCGATATGC. ABPU1 (biA1, pyrG89, wA3, argB2, pyroA4) was used as a parental strain. To confirm the recombinant genomic structure, the resulting ÁatfA mutant was examined by Southern blot hybridization analysis, using the fragment of 5 0 -UTR as a probe. Other detailed methods are given in a previous report. 17) The plates were cultured at 37 C for 6 d. B, RT-PCRbased Southern blotting analysis of the oxidative stress-induced catB and trxB genes in ÁatfA and ÁnapA during hyphal growth. rRNA samples were used as a loading reference. The primers used to detect the atfA mRNA were 5 0 -CTGTTCTTTGACGCGGTCCC and 5 0 -CCTATCACAGCGGATTCAGG. Other details were the same as those given in a previous paper. 9) shown). We have found that the SskA response regulator is implicated in the sensitivity of A. nidulans to certain fungicides, such as iprodione and fludioxonil. 10) When ÁatfA and ÁnapA cells were inoculated on SMM2G plates containing these fungicides (20 mg/ml iprodione or 10 mg/ml fludioxonil), they were sensitive to these chemicals, as in the case of the wild-type cells (data not shown). Hence, AftA might play a specific role in stress responses other than the toxic heavy metal response, the high salt response, the high osmotic response, and the fungicide response.
Then we examined the responses of ÁatfA and ÁnapA to various oxidative stresses, such as H 2 O 2 (hydrogen peroxide), tert-butylhydroperoxide (t-BOOH) (organic hydroperoxide), and menadione (MD) (a superoxide radical generator) (Fig. 2A) . The ÁatfA cells, as well as the wild-type cells, were resistant to these reactive oxygen species (ROS) under the conditions tested. Under the same growth conditions, the inoculated ÁnapA cells did not grow, or showed very poor growth, on the stress-inducing media, as reported previously. 17) To confirm these results at the molecular level, H 2 O 2 -dependent induction of stress responsive genes during hyphal growth was examined for ÁatfA and ÁnapA (Fig. 2B , catB encoding a catalase and trxB encoding a thioredoxin reductase). It was found that H 2 O 2 -induced expression of catB and trxB was specifically impaired in ÁnapA, but not in ÁatfA, under the conditions tested. Taking all this together, the physiological role of AtfA is distinct from that of NapA in that the latter plays an essential role in oxidative responses during hyphal growth but the former does not. A, Conidia were prepared from wild-type, ÁsskA, ÁatfA, and ÁnapA cells grown on SMM2G plates for 6 d. They were suspended in PBS buffer containing 0.1% Tween-20 (10 8 conidia/ml), and then they were treated with and without H 2 O 2 (final concentration, 50 mM) for 15 min and for 30 min at room temperature. Then they were appropriately diluted and spread on SMM2G plates. The numbers of germinated conidia were counted. Those without H 2 O 2 treatment were used as a reference, and survival rates were calculated. B, Similarly, the set of conidia were treated at 50 C for 10 min and for 20 min in the buffer. Their viability was quantitatively examined as described above. C, The viability of the conidia under storage at 4 C was also examined. The set of conidia in PBS buffer containing 0.1% Tween 20 (10 5 conidia/ml) was kept at 4 C. At the indicated intervals, an aliquot was spread on SMM2G plates. The numbers of germinated conidia were counted. Those at 0 d were used as a reference, and survival rates were calculated. D, Examination of the transcripts of conidia-specific stress-tolerant genes. The levels of catA and gfdB were examined for the set of mutants. In these experiments, rRNA samples were used as a loading reference (a much larger amount of RNA sample was loaded for ÁatfA). Other details were the same as those given in a previous paper. 9) These experiments (A, B, C, and D) were biologically replicated with comparable results (a and b respectively).
In A. nidulans, the SskA response regulator appears to play a role upstream of the HogA-MAPK cascade, which is considered to be responsible for stress responses in both hyphae and conidia. In this respect, when ÁsskA, ÁatfA, and ÁnapA cells were incubated on SMM2G plates for a long time (more than 5 d), conidia were produced in ÁatfA and ÁnapA as efficiently as in the wild-type. As reported previously, ÁsskA produced a slightly smaller amount of conidia (about 10% of the wild-type). 9, 10) Keeping these things in mind, the conidia were isolated from ÁsskA, ÁatfA, and ÁnapA (after a 6-day incubation on SMM2G plates). The isolated conidia (about 10 8 conidia/ml) were treated with H 2 O 2 (50 mM for 15 min and for 30 min) in sodium phosphate buffer (10 mM, pH 7.0) containing 150 mM NaCl and 0.1% Tween-20. Then they were spread on SMM2G plates to count the survival rates (viability) of the conidia. The results showed that both the ÁatfA and the ÁsskA conidia were highly sensitive to H 2 O 2 treatment, as compared to the wild-type conidia ( Fig. 3A ; the phenotypes of ÁatfA were verified in three independent mutant lines in replicated experiments a and b). In contrast, the ÁnapA conidia were very resistant under the same oxidative stress conditions. The ÁatfA conidia were sensitive also to heat treatment (50 C for 10 min and for 20 min), as compared with the wild-type conidia ( Fig. 3B ; the phenotypes of ÁatfA were verified in three independent mutant lines in replicated experiments a and b). The ÁsskA conidia were also sensitive to heat treatment, but the ÁnapA conidia were not (Fig. 3B) . More strikingly, the ÁatfA conidia rapidly lost viability during storage in a 10 mM sodium phosphate buffer (pH 7.0) containing 150 mM NaCl and 0.1% Tween-20 ( Fig. 3C ; see the results of the replicated experiments a and b). The ÁsskA conidia showed a similar phenotype, while the wild-type and ÁnapA conidia were highly stable under the same conditions. Interestingly, the ÁatfA conidia lost viability much more rapidly than the ÁsskA conidia.
Perhaps AtfA is implicated specifically in certain stress (particularly oxidative stress) responses of conidia whereas NapA is not. To confirm this at the level of gene regulation, the expression of conidia-specific stress responsive genes was examined in ÁatfA (Fig. 3D , catA encoding a conidia-specific catalase, and gfdB encoding NAD-dependent glycerol-3-phosphate dehydrogenase). These hallmark stress-associated genes have been characterized for the ÁsskA conidia, which are also sensitive to H 2 O 2 (Fig. 3D, upper panel) . 10) To confirm these results, a larger amount of RNA sample was loaded for ÁatfA (Fig. 3D, lower panel) . It was found that the levels of catA and gfdB mRNAs were very low in the ÁatfA conidia as compared with the wild-type and ÁnapA conidia.
In conclusion, the results of this and previous studies indicate that A. nidulans has two kinds of bZip transcription factors (AtfA and NapA, see Fig. 1A ), both of which are crucially implicated in oxidative stress responses. 9, 10) AtfA might play a role downstream of the SskA and HogA-MAPK cascade signal transduction network. AtfA and NapA are distinctively implicated in a complementary way in stress responses in a developmental stage specific manner. In other words, it was found that AtfA played a predominant role in the oxidative stress response of the conidia, while NapA was specifically responsible for the oxidative stress response in the mycelia. More specifically, the NapA bZip transcription factor was essential to the induction of the mycelium-specific catB gene, whereas the AtfA bZip transcription factor was indispensable to the induction of the conidia-specic catA gene (see Figs. 2B  and 3D ). Hence they play complementary roles in adaptation to oxidative stress throughout the life cycle of A. nidulans, which is markedly different from that of unicellular yeasts. We believe that the findings of this study are generally applicable to related species, including Aspergillus fumigatus (a serious pathogen) and Aspergillus oryzae (a useful industrial fungus). AtfA might be useful as a potent target in screening new fungicides because it appears to be essential to the viability of conidia (see Fig. 3C ).
